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Abstract 

Background: Current cardiovascular magnetic resonance (CMR) methods, such as late gadolinium enhancement 
(LGE) and oedema imaging (T2W) used to depict myocardial ischemia, have limitations. Novel quantitative T1- 
mapping techniques have the potential to further characterize the components of ischemic injury. In patients with 
myocardial infarction (Ml) we sought to investigate whether state-of the art pre-contrast T1 -mapping (1) detects 
acute myocardial injury, (2) allows for quantification of the severity of damage when compared to standard 
techniques such as LGE and T2W, and (3) has the ability to predict long term functional recovery. 

Methods: 3T CMR including T2W, T1 -mapping and LGE was performed in 41 patients [of these, 78% were ST 
elevation Ml (STEMI)] with acute Ml at 12-48 hour after chest pain onset and at 6 months (6M). Patients with STEMI 
underwent primary PCI prior to CMR. Assessment of acute regional wall motion abnormalities, acute segmental 
damaged fraction by T2W and LGE and mean segmental T1 values was performed on matching short axis slices. 
LGE and improvement in regional wall motion at 6M were also obtained. 

Results: We found that the variability of T1 measurements was significantly lower compared to T2W and that, 
while the diagnostic performance of acute T1 -mapping for detecting myocardial injury was at least as good as that 
of T2W-CMR in STEMI patients, it was superior to T2W imaging in NSTEMI. There was a significant relationship 
between the segmental damaged fraction assessed by either by LGE or T2W, and mean segmental T1 values (P < 
0.01). The index of salvaged myocardium derived by acute T1 -mapping and 6M LGE was not different to the one 
derived from T2W (P = 0.88). Furthermore, the likelihood of improvement of segmental function at 6M decreased 
progressively as acute T1 values increased (P < 0.0004). 

Conclusions: In acute Ml, pre-contrast T1 -mapping allows assessment of the extent of myocardial damage. T1- 
mapping might become an important complementary technique to LGE and T2W for identification of reversible 
myocardial injury and prediction of functional recovery in acute Ml. 



Background 

Cardiovascular magnetic resonance (CMR) with late 
gadolinium enhancement (LGE) is the current gold stan- 
dard for assessing myocardial scar in chronic coronary 
artery disease [1,2], while T2-weighted (T2W) CMR is 
the accepted method for detecting oedema in acute 
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ischemic injury [3], Myocardial oedema can be detected 
by T2W-CMR as early as 30 minutes after the onset of 
ischemia, and in the absence of LGE, is thought to 
represent reversible myocardial injury [3,4]. LGE and 
T2W-CMR are used as complementary techniques, to 
provide a comprehensive assessment of irreversible and 
reversible injury in acute myocardial infarction (MI) and 
to derive important prognostic indices such as salvage- 
able area-at-risk and scar burden [5]. 
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The clinical significance of LGE as a precise measure 
of myocardial irreversible injury has recently been chal- 
lenged. Firstly, in the early hours post ischemia, dynamic 
changes of LGE were shown within the ischemic myo- 
cardium, together with a significant regression of LGE 
over time and full functional recovery; these findings 
would suggest that acute LGE does not always represent 
scar [6-9]. Secondly, it was shown that early gadolinium 
enhancement can detect salvageable myocardium [10], 
indicating that the kinetics of gadolinium may play an 
important role in assessing area at risk in relation to the 
imaging time. It is also well known that the area of 
injury detected by T2W-CMR encompasses both irre- 
versibly injured myocardium and salvageable myocar- 
dium at-risk [3], and that it may evolve in the early days 
post acute MI with significant variation in the resulting 
calculated volume of salvaged myocardium [6]. Further- 
more, the concept that T2W positive imaging findings 
represent the area at risk has also been challenged 
recently [11] due to the pitfalls of the technique, 
although newer T2prep bright blood sequence may 
overcome most of the limitations inherent to fast spin 
echo based techniques [12,13]. Finally, there are impor- 
tant issues with the threshold-based methods widely 
used to post-process oedema and LGE images. Firstly, 
there is considerable scope for error depending on the 
threshold used, and secondly it remains unclear whether 
or not an arbitrary signal intensity threshold realistically 
reflects the tissue changes occurring in the myocardium 
[14,15]. 

Given these challenges and the heterogeneous compo- 
sition of the acutely injured myocardium, a method that 
can objectively and directly quantify the extent and 
severity of acute ischemic injury would be highly desir- 
able. Pre-contrast Tl-mapping may be such a tool: com- 
pared to T2W and LGE, the main advantage of Tl- 
mapping is that it provides measurements of absolute 
Tl relaxation times for each pixel, with high resolution 
[16,17]. Although Tl-mapping is not exempt from the 
need for thresholding when sizing myocardial injury, a 
threshold-based post-processing method requiring refer- 
ence ROIs (whether in remote myocardium or skeletal 
muscle) is not needed. This makes quantitative techni- 
ques such as Tl-mapping less prone to subjectivity and 
error. In experimental models of acute MI, elevations of 
absolute Tlvalues have been demonstrated in areas of 
increased water content exceeding the area of infarction 
by histological assessment [18,19]. Other studies sug- 
gested that further increases in Tl values occur with 
prolonged ischemia due to larger concentrations of 
other water constituents [19]. These studies indicate the 
potential of Tl-mapping to detect areas of myocardial 
ischemia in humans. Indeed, early proof of principle stu- 
dies have demonstrated increased Tl values in areas of 



positive LGE following acute MI [20,21]. However, pre- 
vious Tl-mapping techniques were of limited use in 
clinical practice, particularly in acutely ill patients, due 
to long breath-holds and inability to work well with 
increased heart rates. We have recently developed and 
validated a new pre-contrast Tl-mapping sequence 
(Shortened Modified Look-Looker Inversion recovery 
(ShMOLLI) [17], which is highly suitable for examining 
patients with acute MI, because it not only allows for 
significantly shorter breath-hold time, but also provides 
a more accurate estimate of long Tlvalues at higher 
heart rates [17]. Furthermore the Tl values can be 
directly assessed during the CMR scan without the need 
for post-processing. 

Using this powerful new technique, the aims of this 
study were to investigate whether in patients with acute 
myocardial infarction, pre-contrast Tl-mapping (1) 
detects acute myocardial injury, (2) is able to quantify 
the severity of myocardial damage when compared to 
standard techniques such as LGE andT2W, and (3) has 
the ability to predict long term functional recovery. 

Methods 

Patient population 

This prospective study was undertaken in a single ter- 
tiary center. The local ethics committee approved the 
study protocol, and all patients gave written informed 
consent. Patients with first occurrence of acute MI were 
included. Myocardial infarction was defined according 
to a history of symptoms consistent with acute myocar- 
dial ischemia, with or without ST-segments elevation on 
the ECG associated with a rise in troponin I concentra- 
tion [22,23]. Patients with previous MI, previous revas- 
cularization procedure (coronary artery bypass grafts 
[CABG] or percutaneous coronary intervention [PCI]), 
severe heart valve disease, known cardiomyopathy or 
hemodynamic instability lasting longer than 12 hours 
following revascularization were not enrolled. Further 
exclusion criteria were contraindications to CMR, 
including implanted pacemakers, defibrillators, or other 
metallic implant. 

Acute clinical management was at the discretion of 
the responsible physician, with the intention to reflect 
contemporary practice and guidelines (including use of 
aspiration catheters; glycoprotein Ilb/IIIa receptor inhi- 
bitors and high-dose clopidogrel loading). 

CMR 

Patients underwent CMR 12 - 48 hours after the onset 
of chest pain and at 6 months (6M). STEMI patients 
underwent primary PCI prior to CMR in acute setting. 
CMR examinations were performed on a 3 Tesla MR 
scanner (TIM-Trio, Siemens Healthcare, Erlangen, Ger- 
many) using aspine and a phased array 6-channel 
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flexible surface coils. Short axis cine images covering the 
length of the ventricle were acquired as previously 
reported [6]. Slices matching the cine positions were 
acquired using T2W, Tl-mapping and LGE imaging 
(Additional file 1) with full coverage of the left ventricle. 
Steady-state free precession (SSFP) cine images were 
acquired using retrospective gating (TE/TR = 1.4/3.2 
msec; flip angle = 50°; pixel size: 1.6 x 1.6 mm). Two to 
three-fold accelerated parallel imaging (GRAPPA) was 
used to shorten the breath-hold. Oedema imaging 
(T2W) was performed using a T2-prep-SSFP single shot 
sequence with surface coil correction [12] (TE/TR = 1/ 
4.1 msec; effective TE = 60 msec; flip angle = 90°;pixel 
size: 2.1 x 1.6 mm). ShMOLLI Tl maps were generated 
from 5-7 SSFP images with variable inversion prepara- 
tion time as described previously [17]. Typical acquisi- 
tion parameters were: TE/TR = 1.07/2.14 msec, flip 
angle = 35°, FOV = 340 x 255 mm, matrix size = 192 x 
144, 107 phase encoding steps, actual experimental pixel 
size = 1.8 x 1.8 mm, interpolated reconstructed pixel 
size = 0.9 x 0.9 mm, GRAPPA = 2, 24 reference lines, 
cardiac delay time TD = 500 ms and 206 ms acquisition 
time for single image, phase partial Fourier 6/8. If neces- 
sary, shimming and center frequency adjustments were 
performed before T2W-imaging and Tl-mapping to 
generate images free from off-resonance artefacts. LGE- 
CMR was performed with a Tl-weighted segmented 
inversion-recovery gradient echo-phase sensitive-inver- 
sion recovery (GRE_PSIR) sequence [24] (TE/TR = 2.5 
msec/5 msec, voxel size 1.8 x 1.4 mm, flip angle 20°). 
Images were collected 10 to 15 minutes after the admin- 
istration of 0.1 mmol/kg contrast agent (Gadodiamide, 
Omniscan™, GE Healthcare, Amersham, UK). The 
inversion time was meticulously adjusted for optimal 
nulling of remote normal myocardium. 

All patients were in sinus rhythm during the CMR 
scan. The scan time needed to acquire a short axis stack 
with full coverage of the ventricle was about 2 min 
using ShMOLLI versus 4 min using T2W. 

Image analysis 

Quantification of LV volumes and ejection fraction (EF) 
was performed as previously described using Argus soft- 
ware (Version 2002B, Siemens Medical Solutions) [25]. 

All matching short axis images covering the LV and 
acquired using each of the techniques (T2W, LGE and 
Tl maps) were manually contoured using an in-house 
software MC-ROI (IDL v.6.1, http://www.ittvis.com) to 
outline the endo- and epicardium. For the comparisons 
among acute Tl-mapping, T2W and LGE, we excluded 
apical slices due to partial volume effects slices including 
the LVOT and slices with off-resonance artifacts. Each 
slice was segmented in a 6 equiangular segment model 
with the RV-LV junction as reference point. For analyses 



purposes, the slices acquired with different techniques 
were all matched for slice position and radially aligned 
to the positions of the papillary muscles and the LV-RV 
junction. 

A total of 129 slices acquired acutely were suitable for 
analyses (on average 3.1 ± 0.9 slices per patient with a 
range of 1 to 5). Out of the resulting 774 segments, a 
total of 100 segments (13%) were excluded from analysis 
due to: (i) SSFP off resonance artifacts on Tl-mapping 
or T2W images (70 segments) and (ii) presence of out- 
flow tract (30 segments) on LGE or cine images. 

The signal intensity threshold indicating oedema/ 
LGE was set at 2 standard deviations (SD) above the 
mean intensity of reference ROI placed in remote 
unaffected myocardium as previously described [26,27]. 
Although different thresholds have previously been 
applied [5], there is no standardization and agreement: 
we used 2 SD for both techniques to avoid introducing 
systematic errors by applying different thresholds for 
T2W versus LGE (i.e. 2 SD versus 5 SD) and overesti- 
mating the area of salvaged myocardium [14]. Per seg- 
ment, we derived the average Tl values and the signal 
intensity normalized to the signal intensity of the 
remote myocardium both for LGE and T2W. The coef- 
ficient of variation (CV = standard deviation/mean) of 
T2W signal intensities and Tl values were assessed in 
remote normal myocardium to detect the variability of 
measurements. 

The injured fractions by LGE and oedema both seg- 
mental (volume of injured myocardium within a seg- 
ment/volume of the segment) and global (volume of 
injured myocardium within the LV/LV mass) were 
assessed. Salvaged myocardial index was derived from 
the volume of acute oedema and the final infarct size 
(LV volume of LGE at 6M). Microvascular obstruction 
(MO)/haemorrhage was identified as the low intensity 
core if present on all analysed CMR sequences and both 
were included in the measurements of LV myocardial 
damaged volume by LGE, T2W and Tl-mapping. Seg- 
ments with MO were also analysed separately and deli- 
neated manually if simultaneously present on 
corresponding LGE, Tl-mapping and T2W slices. 

Wall motion abnormalities and LGE were assessed 
semi quantitatively by an experienced observer (E.D.) as 
described below. For regional function, segments were 
scored: 1 = normal; 2 = hypokinetic; 3 = akinetic or 4 = 
dyskinetic. The wall motion score index (WMSI = sum 
of segmental scores divided by the number of segments 
scored) was calculated as previously described [28]. The 
extent of LGE within each segment was estimated 
visually and categorized according to the percentage 
enhanced area of each segment (damaged area/segmen- 
tal area) [29]: 0 = no LGE; 1 = 1- 25% LGE; 2 = 26 - 
50% LGE; 3 = 51 - 75% LGE and 4 = > 75%. 
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Statistical Analyses 

The normality was confirmed using the Kernell density 
plot. Mean (SD) values and median (interquartile range) 
were calculated for continuous variables. Student t-test 
was used for comparison of continuous variables col- 
lected at single time point (EF, WMSI, Troponin I). A 
random-effects linear regression model was used to 
describe the association between LGE, T2W (volumes of 
damaged measured as percentage) and Tl values (aver- 
age relaxation time measured in msec), controlling for 
clustering of segments within each subject. The overall 
fit of the model was investigated using % 2 ratio test. 
Receiver operating characteristic (ROC) analysis was 
performed to identify cutoff values of Tl relaxation 
times and T2 SI ratio for detecting focal acute changes; 
this was achieved by using focal LGE scoring (LGE 
score > 1) as the "true positive" surrogate marker for 
acute myocardial injury in this clinical setting, compared 
to segments with no LGE (LGE score = 0) in controls as 
the "true negative". Statistical significance of the differ- 
ences between ROC curves was assessed using the 
method of DeLong et al.[30]. To analyze the presence of 
significant difference in Tl values in manually drawn 
ROIs in region of microvascular obstruction, ANOVA 
analyses were performed with Bonferroni post-hoc com- 
parisons. A logistic regression model was used to predict 
the improvement of function at 6 months using as vari- 
ables acute T lvalues and acute segmental damage frac- 
tion by LGE in matching patients with the same degree 
of damage based on LGE scoring. All statistical tests 
were two-tailed, and P-values of less than 0.05 were 
considered statistically significant. 

Results 

Patient characteristics are presented in Table 1. Of the 
43 patients enrolled, one patient could not complete the 
CMR protocol due to claustrophobia and one scan had 
to be excluded due to artefacts rendering the images 
non-analysable. Thus, a total of 41 patients (mean ± SD 
age, 56 + 8 years, 78% with an ST elevation MI 
[STEMI]) were scanned within 24 hours post symptoms 
onset; out of these, 7 patients did not undergo the 6 m 
follow up scan (4 were excluded following CABG or 
staged PCI, and 3 refused to come back). 

CMR findings 

The CMR findings are summarised in Table 2. All 
patients showed positive oedema and LGE. In acute set- 
ting, all patients had at least one LV dysfunctional seg- 
ment; the global ejection fraction was at the lower end 
of normal (51% ± 11%). The relative mean volume of 
LGE in acute decreased significantly by 6M(P < 0.01) 
with a corresponding significant improvement in regio- 
nal wall motion (P < 0.01). 



Tl values in areas of acute myocardial injury by LGE and 
T2W 

Representative examples of T2W, LGE and Tl-mapping 
from a STEMI and a NSTEMI patient are shown in Fig- 
ure 1, Panel A and B respectively. Increased Tl values 
are shown in areas of myocardium co-localized with 
areas of LGE and increased signal on T2W-CMR; in the 
NSTEMI patient T lvalues are increased in an area lar- 
ger then the one enhanced by LGE. 

In order to investigate the accuracy of Tl measure- 
ments in comparison to T2W, we first assessed the 
variability of the Tl-values in remote unaffected myo- 
cardial segments with no ischemic injury (as confirmed 
by LGE, T2W or wall motion) and compared it to the 
signal intensities in T2W imaging of corresponding seg- 
ments. The average Tl value (± SD) in unaffected myo- 
cardium was the same for STEMI and NSTEMI (1189 ± 
60 msec and 1176 ± 38 msec respectively, P = 0.16), 
with values similar to volunteers at 3T [17] (1166 ± 60 
msecjwith a coefficient of variation (CV) significantly 
lower compared to T2W (6% versus 14% respectively, P 

< 0.0001). 

In order to assess the relationship between areas of 
injury depicted byT2W or LGE and areas of increased 
Tl values on Tl-mapping, we then investigated the cor- 
relation between absolute Tl values and the signal 
intensity of LGE and/orT2W on a segmental basis. As 
shown in Figure 1 Panels C and D, increased signal 
intensity on LGE images correlated with increased abso- 
lute Tl values (r = 0.71, P < 0.001) and with T2W signal 
intensities (r = 0.65, P < 0.001) in matching segments, 
indicating co-localization of injured myocardium. Simi- 
larly, a strong correlation was shown between Tlvalues 
andT2W signal intensities, with Tl values ranging 
between 1078 msec and 1624 msec (1257 ± 97 msec - 
mean ± SD) in the acutely ischemic segments. The Tl 
measurements in acutely ischemic segments were signif- 
icantly different compared to Tl values in normal unaf- 
fected segments (1257 ± 97 msec vs 1196 ± 56 msec, P 

< 0.01). 

Diagnostic performance of T1 -mapping in detecting acute 
injury in acute myocardial infarction 

Figure 2 illustrates the diagnostic performance of Tl- 
mapping compared to the T2W technique in detecting 
acute myocardial injury against acute LGE manual scor- 
ing as the gold standard based on ROC analysis. In MI 
patients, both techniques performed equally (Tl-map- 
ping area under the curve 0.90 ± 0.01 vs T2W area 
under the curve 0.89 ± 0.01, P = 0.34) (Figure 2, Panel 
A). In order to investigate whether the diagnostic per- 
formance of Tl-mapping could be better in patients 
with smaller infarcts, we performed ROC analyses in the 
subgroup of NSTEMI patients. In these patients Tl- 
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Table 1 Baseline characteristics of the study population 



Patient characteristics 




Ail 
Mil 


_) 1 civil 


1Mb 1 CIVII 


P-value 






N = 41 


n = 32 (78%) 


n = 9 (22%) 








56 ± 8 


56 ± 8 


55 ± 8 


0.8 


sex 




3:38 (F:M) 


2:30 (F:M) 


1:8 (F:M) 




Risk Factors [No (%)] 












Smoking 




14 (35) 


13 (40) 


1 (11) 


0.13 


Hypertension 




15 (37) 


9 (28) 


7 (78) 


0.17 


Diabetes 




4 (10) 


1 (3) 


3 (34) 


0.03 


Family history 




15 (37) 


1 2(37) 


3 (34) 


1.0 


Hyperlipidemia 




16 (40) 


10 (31) 


5 (56) 


0.25 


Previous angina 




4 


2 


2 


0.2 


Presenting characteristics 












Troponin 1 (12 hours post admission) (mg/mL) 




32 ± 20 


38 ± 15 


9 ± 7 


< 0.01 


Median (IQR) Time from onset of symptoms to procedure (hrs) 


3 (2.2, 9) 


2.6 (2.0, 4.2) 


24(13, 36) 


0.0001 


Culprit coronary artery [No (%)] 












LAD 




21 (52) 


17(53) 


4 (44) 


1.0 


LCx 




4 (10) 


2 (6) 


2 (22) 


0.3 


RCA 




17 (42) 


14 (40) 


3 (33) 


0.15 


N of vessel diseased, n (%) 












0 




1 


0 


1 


0.22 


1 




25 (61) 


24 (75) 


1 (11) 


0.001 


2 




7 (17) 


5 (16) 


3 (33) 


0.3 


3 




7 (17) 


3 (9) 


4 (45) 


0.03 


Drug therapy n (%) 












Aspirin 




41 (100) 


32 (100) 


9 (100) 


1 


Glycoprotein llb/llla inhibitor 




33 (80) 


32 (100) 


1 (11) 


< 0.001 


Clopidogrel 




41(100) 


32 (100) 


9 (100) 


1 


P-Blockers 




41 (100) 


32 (100) 


9 (100) 


1 


Heparin 




41 (100) 


32 (100) 


9 (100) 


1 


Abbreviations: LAD- Left Anterior Descending; LCx - 


Left Circumflex; RCA- 


Right Coronary Artery;. 








Table 2 CMR findings 












Variable 


ALL 


j 1 tlvll 


1Mb 1 tlvll 




P-value 




(N = 41) 


(N = 32) 


(N = 9) 


(NSTEMI vs STEMI) 


EF 


48 ± 9 


46 ± 8 


58 ± 10 




< 0.001 


EDV 


153 ± 36 


157 ± 36 


142 ± 39 




0.2 


ESV 


81 ± 30 


86 ± 30 


65 ± 29 




< 0.01 


sv 


73 ± 15 


72 ± 15 


79 ± 17 




< 0.05 


WMSI 


1 .6 ± 03 


1 .6 ± 0.3 


1 .4 ± 0.2 




0.02 


Oedema fT2W), LV% (Acute) 


47 ± 14% 


51 ± 12% 


34 ± 1 0% 




0.00015 


LGE, LV % (acute) 


38 ± 1 6% 


41 ± 14% 


25 ± 1 2% 




0.0006 


MO positive 


7 (1 7%) 


6 (18%) 


1 (11%) 




1 




N = 34 


N = 28 


N = 6 






EF (6M) 


58 ± 11 


56 ± 11 


66 ± 3 




0.1 


WMSI (6M) 


1.3 ± 0.2 


1.3 ± 0.35 


1 .2 ± 0.2 




0.2 


LGE, LV% (6M) 


28 ± 14% 


30 ± 14% 


21 ± 14% 




0.1 


Myocardial salvaged index (T2W)* 


37 ± 27% 


41 ± 23% 


1 7 ± 37% 




0.3 



Abbreviations: EDV, end-diastolic volume; EF, Ejection fraction; ESV, end-systolic volume; LGE, late gadolinium enhancement; LV, left ventricle;MO, microvascular 
obstruction; SV, stroke volume; T2W, T2 weighted; WMSI, wall motion score index* myocardial salvage index was calculated using the final infarct size at 6 
months (6M} 
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T2W LGE Tlmap 




T2 W 51 normalized to remote myocardium LGE SI normalized to remote myocardium 



Figure 1 Panels A and B. Representative CMR images. Oedema T2W images (left column), acute LGE images (center), and ShMOLLI T1- 
mapping (right column) are displayed. Two sets of images (Panel A and Panel B) corresponding to two separate patients are shown. Top panels 
(A): a case of transmural inferior STEMI:both oedema (T2W) and LGE depict an area of increased signal intensity; in the same region Tl-mapping 
depicts significantly increased T1 values (shown in red) compared to the remote unaffected myocardium (normal T1 values shown in green). 
Lower panels (B), a case of subendocardial NSTEMI : Although the T2 W images show only a mild increase in brightness, there is an area of 
increased T1 values exceeding the area of LGE enhancement. Of note the peak troponin I was significantly different in the two patients (peak 
troponin I 50 mg/mL in the STEMI patient vs7 mg/mL in the NSTEMI patient). Panels C and D: Correlation between T1 values and T2W 
normalized SI (Panel C) and between T1 values and LGE normalized SI (Panel D). The SI of T2W (on the x axis, panel C) and LGE (on x axis Panel 
D), both normalized to the remote unaffected myocardium, are shown to correlate strongly with T1 values. 



A B 

STEMI NSTEMI 




P=0.004 



0,0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

False positive rate ( 1- Specificity) 

Tl Mean T2 W normalized SI 

Reference line 

Figure 2 Receiver Operating Curves showing the diagnostic 
performance of T1-mapping compared toT2W in detecting 
acute injury in ACS as derived from late gadolinium 
enhancement (LGE) scoring. The area under the curve forT2W 
(dashed line) was not significantly different from T1 -mapping (solid 
line) in patients with STEMI (Panel A); In NSTEMI patients, the area 
under the curve forT2W (dashed line) was significantly smaller than 
that for Tl-mapping (p = 0.004). 



mapping showed improved detection of myocardial 
injury compared to T2W (Tl-mapping area under the 
curve 0.91 ± 0.02 vs T2W area under the curve 0.81 ± 
0.04, P = 0.004). 

Relation between absolute Tl values and the extent of 
myocardial injury 

In order to explore the potential of quantitative Tl- 
mapping to assess the extent of acute ischemic injury 
on a segmental basis against the current gold standards 
of LGE and oedema imaging, we investigated the rela- 
tionship between average segmental Tl values and the 
volumetric lesion fraction (by LGE andT2W) (Figure 3 
Panel A and B). For this analysis, segments with MO 
were excluded (see below paragraph onTls in MO). A 
significant relationship between the segmental extent of 
myocardial injury as defined by LGE and Tl values was 
found (P < 0.001). Increasing Tl values clearly distin- 
guished 20% increments in segmental LGE fractions A 
significant relationship was also found between segmen- 
tal fractions of oedema assessed byT2W and Tl values 
(P < 0.001); however, there was an overlap in Tl values 
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Figure 3 Assessment of severity of injury by T1-mapping: relationship withT2W and LGE. Tl values increase for increasing segmental 
extent of injury, assessed by either LGE (panel A) or T2W (panel B). The overall relationships are significant: however for T2W, there is an overlap 
in T1 values for segments with segmental damaged fraction between 41 and 80%. Lesions with MO have been excluded for this analysis. 



in segments with intermediate extent of oedema (41% to 
80% segmental fraction). 

To investigate whether quantitative characterization of 
myocardial tissue in MI reflects not only myocardial 
damage by LGE but also functional contractile impair- 
ment, we assessed the correlation between Tl values 
and both regional and global systolic function (Figure 4, 
Panel A and B). 



A significant relationship (P < 0.01) was found 
between Tl values and regional wall motion impair- 
ment: while Tl values were within normal range in nor- 
mally functioning segments (1196 ± 85 msec) they 
increased significantly in hypokinetic segments (1299 ± 
90 msec), reaching maximal values (1368 ± 83 msec) in 
akinetic segments. Furthermore, we found a highly 



Dall'Armellina ef al. Journal of Cardiovascular Magnetic Resonance 201 2, 1 4:1 5 
http://www.jcmr-online.eom/content/14/1/15 



Page 8 of 13 



1500 



_ 1450 



-=■ 1400 



™ 1350 



1300 



1250 



S" 1200 



ra 1150 



1050 




P<0.01 



Normokinetic Hypokinetic Akinetic 
SEGMENTS 





1400 




1350 






E 


1300 


01 




3 




re 
> 


1250 






1- 




c 

re 


1200 


01 










1150 




1100 



R = 0.62 
P < 0.01 



0 10 20 30 40 



50 
EF 



60 70 80 90 



Figure 4 Assessment of severity of injury by Tl-mapping: 
relationship with regional and global function Panel A shows 
the relationship between T1 values and the extent of regional wall 
motion abnormalities (P < 0.01). A highly significant negative 
correlation between mean LV T1 values and LV ejection fraction was 
also found (Panel B). 



significant correlation between global myocardial Tl 
values and LV ejection fraction (P < 0.01) 

Salvaged myocardium assessment byTI -mapping 

In order to match, on a like-for-like basis, the relative 
LV mass of acutely damaged myocardium by Tl-map- 
ping with the one assessed by T2W and to derive com- 
parable values of salvaged myocardium, we used a 
threshold of 10% (close to 2 standard deviations) above 
the previously established Tl values in normal controls 
[17]. By empirically choosing 10%above the mean nor- 
mal Tl, the relative LV mass of acutely damaged myo- 
cardium was 43 ± 19% by Tl-mapping versus 47 ± 
14% by T2W, P = 0.2. The derived salvaged index 
using the final infarct size by LGE at 6 months was 37 
± 24% by Tl-mapping versus 37 ± 27% by T2W (P = 
0.88). 



Characterization of microvascular obstruction by Tl- 
mapping 

Overall, 7patients showed evidence of MO on LGE ima- 
ging (6 with STEMI and 1 NSTEMI). 

A typical case is shown in Figure 5. On average, Tl 
values in the core of MO were significantly higher than 
in the remote myocardium (1267 ± 52 msec vsll94 ± 
47 msec, P = 0.002), but significantly lower than in the 
surrounding injured myocardium within the LGE posi- 
tive myocardium (1403 ± 80 msec, P < 0.01 versus 
remote myocardium and MO) (Figure 5, Panel C). 

Likelihood of functional recovery at 6 months by acute 
Tl-mapping 

Tl values correlate with the extent of segmental LGE in 
the acute setting. In order to assess whether acute Tl 
values predict functional recovery at 6 months, we 
assessed the ability of acute Tl values and of the acute 
LGE segmental fraction to predict the likelihood of 
long-term segmental wall motion improvement in 198 




P<0.01 




Remote 



Figure 5 Quantitative assessment of microvascular obstruction 
by T1-mapping. Panel A shows a case of microvascular obstruction 
as depicted by LGE. The corresponding T1-map is shown in Panel B. 
The dark core of MO in the LGE image (arrows) is depicted by T1 
values (Panel B) in the color range similar to remote myocardium 
(green). The surrounding injured myocardium (bright on LGE) shows 
high T1 values (red). Panel C shows quantitative analyses of the 7 
cases with MO. T1 values in the MO regions are significantly lower 
than in the surrounding LGE-positive myocardium. 
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acutely dysfunctioning segments (excluding MO). As 
shown in Figure 6, Panel A, there was a significant rela- 
tionship between acute Tl values and the improvement 
of function at 6 months (P < 0.0004): virtually all dys- 
functional segments with only slightly increased Tls in 
acute setting recovered function at 6M, while for values 
higher than 1406 msec, the percentage of segments 
which improved wall motion at 6M decreased to 60%. 
The relationship between acute LGE and improvement 
of function was also significant overall (P < 0.004). How- 
ever, while the relationship between functional recovery 
and Tl was essentially linear, by using acute LGE (Fig- 
ure 6, Panel B), the likelihood of improvement for those 
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Tl Values 
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Segmental damaged fraction by LGE in acute 

Figure 6 Likelihood of functional improvement at 6 m by T1- 
mapping and acute LGE in dysfunctional segments Data are 
shown for 198 segments, which were dysfunctional acutely. Panel A 
shows the significant relationship between the likelihood of 
recovery of function of acutely dysfunctional segments and the Tl 
values in acute (P < 0.0004). Panel B shows the relationship 
between the likelihood of recovery of function of acutely 
dysfunctional segments and the segmental damaged fraction by 
LGE in acute (P < 0.004). While the relationship between functional 
recovery and T1 was essentially linear, by using acute LGE (Panel B) 
the likelihood of improvement for segments with intermediate LGE 
did not correlate with the amount of damage. No MO segments 
were included in this analysis. 



segments with intermediate LGE (between 25% and 
75%), did not correlate with the amount of damage. 

Discussion 

The main findings of our study are: 1) quantitative Tl- 
mapping is a more robust technique compared to T2W, 
as Tl measurements show a significantly lower variabil- 
ity than T2W, their acquisition is faster with a better 
spatial resolution (reconstructed pixel size of 0.9 x 0.9 
mm/experimental pixel size 1.8 x 1.8 mm versus 2.1 x 
1.6 mm) 2) non contrast Tl -mapping accurately detect 
acutely injured myocardium in MI patients when com- 
pared to T2W and LGE as markers of acute injury; 3) 
the diagnostic performance of Tl-mapping is at least as 
good as that of T2W-CMR for detecting acute myocar- 
dial injury, 4) non-contrast Tl-mapping allows assess- 
ment of the extent of acute myocardial damage on a 
segmental level 5) myocardial salvage index can be cal- 
culated based on Tl-mapping with similar results com- 
pared to T2W 6) Tl values are strongly related to the 
likelihood of functional improvement at 6 months. 

We believe that the results of this study are of direct 
clinical relevance. For the first time we report on the 
potential use of quantitative pre-contrast Tl-mapping 
techniques to further improve our ability to characterize 
the presence and extent of acute myocardial injury and 
to determine reversible myocardial injury and salvaged 
myocardium by CMR. The current CMR imaging tech- 
niques used to assess acute ischemic injury, T2W and 
LGE imaging, have important limitations in relation to: 
a) their clinical applicability in acutely ill patients not 
always capable to hold their breath; b) the accurate 
assessment of the injury due to inherent issues such as 
variability of the measurements because of image gradi- 
ents, partial volume effects and threshold dependent 
postprocessing. Tl-mapping allows for faster acquisition 
compared to standard T2W and LGE techniques, and it 
is a more robust technique with less variability in Tl 
measurements at improved spatial resolution. Furthe- 
more, both LGE and T2W are semi-quantitative meth- 
ods which rely on the use of an arbitrary threshold, 
usually set at 2 SD above remote 'normal' myocardium, 
to delineate areas of myocardial oedema and/or scarring 
[14]. However, the use of a reference ROI in the remote 
myocardium may lead to false negative findings when 
systemic processes globally affect the heart. Secondly, it 
is unclear whether this arbitrary threshold of 2 SD 
(rather than 3 SD or 5 SD) accurately reflects myocar- 
dial tissue changes occurring early after myocardial 
infarction [14]. Thirdly, post processing is time-consum- 
ing and not always suitable to applications in acute set- 
ting. We recently showed that, due to the dynamic 
pathophysiological tissue changes occurring very early 
after an acute ischemic event, there is a significant 
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variability in acute CMR imaging findings, and conse- 
quently in derived clinical prognostic indices such as 
salvageable myocardium [6]. These issues often make 
the interpretation of CMR findings in acute MI difficult. 
A novel CMR technique, which would allow for a more 
detailed and quantitative characterization of acutely 
injured myocardium, would thus be highly desirable. 
Our findings suggest that quantitative Tl -mapping tech- 
niques are a suitable tool for this. A recently validated 
improved technique (ShMOLLI)[17] allows for fast 
acquisition of high resolution pre-contrast Tl-mapseven 
at patients with high heart rates and therefore it is well 
suited for imaging ACS patients [17]. 

This is the first study in patients with ACS that has 
used Tl -mapping at 3 Tesla to assess the presence and 
the extent of acute ischemic injury compared to 
accepted gold standard measurements of salvageable 
myocardium such as T2W and LGE-CMR. To the best 
of our knowledge, no other Tl-mapping studies have 
been conducted at 3T; however previous work con- 
ducted at 1.5T CMR by Messroghli et al.[21] demon- 
strated that pre-contrast Tl-mapping can detect acute 
myocardial infarction with high sensitivity and specificity 
(96% and 91%, respectively), against LGE as the gold 
standard. Goldfarb et al.[20] also showed increased Tl 
values in LGE positive myocardial infarcts up to 1 
month after the acute event. However, in both these stu- 
dies, oedema imaging by T2W-CMR was not performed 
[20,21]. As shown in previous animal studies, the 
mechanism underlying the increase in Tl values in 
acutely ischemic myocardium is likely related to the 
increase in tissue water content, which has been shown 
to exceed the area of infarction by histological assess- 
ment [19,31]. We confirm these experimental findings 
in the clinical setting, as we demonstrated higher Tl 
values in areas of oedematous myocardium within 24 
hours after an acute ischemic event. Our results also 
indicate that quantitative Tl-mapping measurements 
correlate well withT2W measurements, but show signifi- 
cantly lower variability than T2W-CMR. Therefore, Tl- 
mapping may be superior to T2W-CMR for assessment 
of acute myocardial injury in MI. Indeed, this is further 
supported by the better diagnostic performance of Tl- 
mapping compared to T2W-CMR in detecting small 
areas of acute myocardial injury in patients with 
NSTEMI. 

Our results also indicate that Tl-mapping allows for 
the assessment of the extent of segmental injury in the 
acute setting. This is further supported by the relation- 
ship between Tl values and contractile function. The 
impairment of contractile function in regions with high 
Tl values is due to severe myocardial damage. The 
assessment of irreversible injury in the early days fol- 
lowing an acute ischemic event is challenging due to 



several issues. Recently published data, [6-9] showed a 
rapid reduction in LGE volumes occurring in the days 
following the acute event and have therefore challenged 
the view that acute LGE equals to stable irreversible 
injury but may rather reflect a dynamic process result- 
ing from. Therefore, acute LGE (within 7 days of acute 
MI) might not be a reliable predictor of functional 
recovery in this setting. Furthermore, Matsumoto et al. 
[10] recently validated early gadolinium enhancement 
imaging to assess area at risk, indicating that the ima- 
ging time to assess irreversible injury acutely is critical 
and poorly defined. Others have suggested that, to 
obtain an accurate assessment of the irreversible injury, 
late gadolinium should be acquired 20 minutes post 
injection [32] with consequent prolongation of the 
acquisition protocol and limited applicability in unstable 
acutely infarcted patients. Based on our findings, high 
Tl values in acutely ischemic myocardium reflect both, 
areas positive for T2W and for LGE. Previous reports in 
experimental models have shown that, following pro- 
longed ischemia, Tl values may increase above and 
beyond the corresponding increase in water content; 
this may be related to a more severe degree of cellular 
injury with consequent release of intracellular ions into 
the extracellular space [19]. In keeping with these 
experimental findings, our results indicate that the like- 
lihood of improvement in function at 6 months 
decreases with incremental increases of Tl values. Based 
on these results, Tl-mapping may be considered a bet- 
ter predictor of recovery of function compared to acute 
LGE although the predictive value of Tl-mapping does 
not reach the predictive value of chronic LGE [29]. 
Clearly, acute Tl-mapping reflects the sum of reversible 
and irreversible injury while chronic LGE represents 
irreversible injury only, therefore a better relationship 
with 6 months functional improvement is expected for 
the latter [29,33]. However, information on chronic 
LGE findings is not available when assessing patients 
acutely. Further studies will be needed to assess the 
potential of Tl-mapping to depict the changes occur- 
ring in the myocardium in the early days post MI and 
their predictive value. 

Finally, we demonstrated that Tl values are signifi- 
cantly lower in areas of MO compared to Tl values in 
infarcted areas without MO. This is likely to a combina- 
tion of blood degradation products (hemorrhage) and 
reduced water content, which both result in lower Tl 
values compared to infarcts without MO. The prognos- 
tic value of MO/hemorrhage as a predictor of adverse 
LV remodeling [34,35] is well recognized. Further work 
is needed to better characterize areas of MO with non- 
contrast Tl-mapping and to determine whether addi- 
tional prognostic information can be derived by 
ShMOLLI Tl-mapping in this setting. 
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for assessment of edema, Tl mapping, functional cine imaging and late 
gadolinium enhancement for assessment of necrosis. Following the 
acquisition of pilot and long axis images, matching short axis slices covering 
the full length of the ventricle were acquired using each of the different 
techniques. T2W and Tl mapping acquisitions were performed prior to the 
administration of contrast. Following gadolinium, cine imaging was 
performed. Ten-fifteen minutes post contrast and after the inversion time 
was meticulously adjusted for optimal nulling of remote normal 
myocardium, late gadolinium enhancement imaging was completed. 



Limitations 

Even though Tl-mapping is an inherently quantitative 
method providing pixel-wise absolute Tl values, the 
lack of invasive tissue sampling only permits compari- 
sons between arbitrary chosen thresholds. We chose 
1271 msec as the closest value to replicate the common 
2 SD threshold used in T2W oedema imaging. The use 
of an arbitrary choice is unavoidable in signal-intensity 
based imaging methods and it makes the method robust 
to different field strength and acquisition sequences 
[17]. However, a 10% threshold might still change, and 
further investigation (possibly with histologic compari- 
son) will be needed to fully address this issue. 

Also, at 3T we encountered frequent SSFP off-reso- 
nance artifacts despite shim correction, and 10% of 
ShMOLLI segments had to be excluded from analysis. 
This limitation is strictly related to high-field imaging: 
in fact the incidence of these artifacts is expected to be 
lower at 1.5Tallowing for application in clinical routine 
practice. Secondly, T2 mapping is a promising new 
CMR technique for assessing acute myocardial injury 
[36], which was not included in this study. We did, 
however, compare our Tl-mapping approach with a 
novel, state-of-the-art T2prep-SSFP sequence shown to 
be superior to traditional T2W STIR imaging and widely 
considered a gold standard for oedema imaging in the 
acute setting. Thirdly, the 6 months follow up was not 
performed in 17% of our acute population. Although a 
complete follow up would have been desirable, the final 
sample size used to assess the relationship between Tl 
values in acute and long term functional improvement 
was adequate based on 80% power calculation with an 
accuracy of 0.05. Finally, we do not provide histopatho- 
logical confirmation of our findings and the precise 
mechanisms leading to increase Tl values in acute myo- 
cardial injury warrant further investigation. 

Conclusion 

Increased pre-contrast Tl values depict areas of acutely 
injured myocardium with a diagnostic accuracy at least as 
good if not superior to T2W. In patients with acute MI, 
incremental increases in Tl values delineate the severity of 
the extent myocardial injury and predict functional recov- 
ery at 6 months. Although further investigations will be 
needed, our results suggest that pre-contrast Tl-mapping 
may represent a valuable alternative to standard oedema 
and scar imaging methods with particular usefulness in 
the assessment of reversible myocardial injury and sal- 
vaged myocardium with no need for post-processing. 

Additional material 



Additional File 1: CMR protocol. This additional figure shows the CMR 
protocol used. Four different CMR techniques were included: T2W imaging 
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